The search for astrophysical evidence for a transition to QCD matter is an important goal. Although much effort has gone into searching for neutron star candidates, here we describe the exploration of two other possible signatures. One is the search for strange dwarfs. Masses and radii for a large number of white dwarfs have been deduced from a combination of proper motion studies, Hipparcos parallax distances, effective temperatures, and binary or spectroscopic masses. Some stars appear to have radii which are significantly smaller than that expected for a standard electron-degenerate white-dwarf equation of state. We argue that there is marginal evidence for bimodality in the radius distribution. We show that the data exhibit several features consistent with the expected mass-radius relation of strange dwarfs. We identify eight nearby white dwarfs that are possible candidates for strange matter cores and suggest observational tests of this hypothesis. We also review the current status of core-collapse supernova research, and in particular, the effects on the explosion of a QCD phase transition in the proto-neutron-star core. We describe how a first order transition could enhance the explosion and lead to observable effects in the emergent neutrino light curve. §1. Introduction
§1. Introduction
There is a great deal of current effort going toward the production of quarkgluon plasma in accelerator experiments. Indeed, the discovery of this new form of matter could provide much insight into the nature of the strong interactions. As with most other forms of matter, it is also important to ask whether this exotic phase of strongly interacting matter could also be naturally manifest in Nature, and in particular, whether there is a unique signature of the presence of this matter which could be identified in an astrophysical object. Given the implied extreme conditions for the existence of this phase, there are only two places where nature may have experienced this phase. One is in the early microseconds of cosmic expansion during the big bang 1) and the other is within compact stars. 2) This paper deals with the latter possibility. The high baryon-density QCD transition must involve densities in excess of several times nuclear matter density. Because of this, most efforts 2) have been directed toward the possibility that observed neutron stars could contain quark matter in their cores. In this paper, however, we survey two other possibilities. One is the search 3) for white dwarfs containing quark-matter cores. 3)-6) The other is the possibility for the onset of a QCD phase transition 7)-9) during a core collapse supernova. We show that both prospects have the possibility to provide a unique observational signature of their presence. §2. The search for strange dwarfs
We have explored 3) the possible existence of white dwarfs with strange-matter cores. Such strange dwarfs could gradually form 4)-6) during the progenitor mainsequence by the accretion of a strange-matter nugget which pre-exists either as a relic of the early universe or as an ejected fragment from the merger/coalescence of strange-matter neutron stars. Once captured by a star, strange-matter nuggets would gravitationally settle to the center and begin to convert normal matter to strange matter. This would eventually lead to the formation of a strange-quarkmatter core in the white dwarf remnant.
The additional degrees of freedom for strange-quark matter lower the degeneracy pressure and Fermi energy and allow the matter to be more compact. A strange white dwarf is expected 3), 5), 6) to consist of three distinct regions, a crust, a corecrust boundary, and a core.
The crust of such stars should be composed of normal degenerate C-O matter for which the EoS is well known. 10) Within the crust the density increases until the neutron drip density, ρ drip = 4.3 × 10 11 g cm −3 . Above this density free neutrons are released which gravitate to the core. There they are absorbed and converted into strange matter. 4)-6) A sharp boundary between the inner core and the outer crust develops 11) due to a Coulombic repulsion. The finite mass of the strange quark prevents the achievement of neutral strange matter. Degenerate electrons are unable to fully neutralize the positive charge of the inner strange-matter core because they are not bound by the strong interaction. Hence, a dipole layer of very high voltage develops between the crust and the core which isolates the core. This gap prevents the further growth of the core beyond the radius associated with the neutron drip density and defines the size to which the strange-quark core can grow. Note, however, that the formation of color superconductivity may prevent this.
The core of such stars should be be comprised of approximately noninteracting ≈ massless u and d quarks and gluons, plus s quarks with m ≈ 150 MeV, representable by a simple MIT bag model equation of state. Hence, one can write, P = (ρ−4B)/3, with ρ the mass-energy density and B the bag constant constrained from hadronic properties to be, B 1/4 ∼ 145 to 160 MeV. Within the quark core, the density reaches ∼ 2 − 3 times nuclear matter density (∼ 4 − 6 × 10 14 g cm −3 ). Although the density jumps discontinuously at the boundary, the star maintains pressure equilibrium and the pressure varies continuously through the star.
Adopted masses and radii for 22 nearby white dwarfs 12), 13) have been analyzed.
3) The astrometric mass was taken 3) to be better than the spectroscopic or gravitational mass. Radii are based upon the Stefan-Boltzmann radius inferred from the observed luminosity and Hipparcos distances or the gravitational redshift.
Strange dwarfs agree surprisingly well several of the best determined data points. Of particular importance are the cataloged white dwarfs, G238-44, EG 50 and GD 140. These stars have well determined masses and they lie very close to the strange dwarf mass radius relation. The other stars which minimize χ 2 by identification as a strange-dwarf are G156-64, EG21, G181-B5B, GD 279 and WD2007-303. The total χ 2 if all stars are associated with a normal carbon white-dwarf EoS is 119 (reduced χ 2 r = 5.2 for 23 degrees of freedom). If we allow an iron-core population with members chosen to minimize χ 2 we obtain 105 (χ 2 r = 4.4 with 24 degrees of freedom). This is to be compared with a value of 78 (χ 2 r = 3.2) when these eight stars are identified with a strange-matter EoS. Hence, we have a Δχ 2 = 41 (∼ 6σ) preference for the presence of a strange-dwarf population over a normal EoS versus a Δχ 2 = 14 (∼ 4σ) improvement by identifying these stars with an iron-core population.
It is also of note 3) that two of the stars G181-B5B and GD279 have temperatures (T ≈ 13, 500 K) which are tantalizingly close the the DAV (ZZ Ceti) pulsation instability at T ≈ 12, 000 K. We have estimated 3) that the buoyancy frequency will be affected by the steep density gradient of the core. This will lead to mode filtering and easier excitation of those pulsation modes which probe the inner strange-matter core. Preliminary observations have begun to search for the relevant pulsations and determine the cooling rate in these stars. §3. Supernova core collapse and the QCD phase transition Even after many decades of effort, detailed models for the core collapse of a massive star to form a Type-II supernova are still being worked out. 14) There is now wide acceptance of the importance of delayed neutrino heating 15) in the supernova mechanism. Nevertheless, in most models with spherical symmetry the neutrino luminosity from the proto-neutron star is too low to heat the infalling material sufficiently to expel matter from the star. It is, however, still possible to obtain an explosion in spherical symmetry either by invoking a low-mass progenitor 16), 17) or by enhancing the flux of neutrinos emanating from the core via convection near the neutrion-sphere 18) or via a magnetic-rotation instability. 19) Of particular interest to this workshop, however is the possibility that it is the onset of a QCD transition in the core that may provide the added boost to induce an explosion even in spherical symmetry. 7)-9) Here, we briefly review the status of current supernova research, and in particular, the possible role which quark matter may have to play.
For the most part, the field has now recognized 14) that multidimensional hydrodynamics and neutrino transport are necessary for a comprehensive description of the explosion process. For example 2D models exhibit 20)-24) much more efficient coupling between neutrinos and matter which helps the explosion. A further boost may be possible in 3D models, 14) but remains to be demonstrated.
Although the development of multidimensional core collapse simulations is crucial for the further development of the field, the development and application of models with spherical symmetry are still valuable for several reasons. Spherical models are the fastest computationally to run, and hence, can be quickly utilized to survey effects of new physics. They, therefore, remain a crucial ingredient, not only to bench mark against higher dimensional codes, but also to explore the parameter space of progenitor mass, neutrino processes, and equation of state sensitivities. Moreover, spherical models can be run for much longer times post bounce than multidimensional models. Indeed, published multi-dimensional models have typically only run to only about ∼ 600 ms post bounce, while a variety of interesting physics and nucleosynthesis issues are expected to occur 10-100 or more seconds later. 18) Because of this continued need for good spherical collapse models, we have steadily made a number of physics improvements 25) over what was previously the Livermore supernova code. 26) The code now incorporates a number of EoS and transport improvements and can be run and modified in an open environment.
The time is now right for a variety of needed applications. In one study we are making a comparison of effects on the collapse and explosion of the different available supernova equations of state. Currently most collapse studies utilize the Lattimer-Swesty EoS, 27) or the relativistic mean field EoS of Shen et al. 28) We are now developing a third EoS based upon a semi-empirical approach. 18), 29) We refer to this EoS as Wilson III 29) It incorporates the main features of the other equations of state and is easily parameterized. We have undertaken a comparison between these three equations of state in fiducial SN core-collapse simulations. These are being run, not only with the revised Wilson supernova code, but also with the ORNL 1D code, and the Yamada 1D code. 30) In this way the uncertainties in the EoS and the various numerical approaches can be highlighted in some crucial bench mark simulations.
One key issue which has emerged is the importance of the EoS just below nuclear matter density of ρ ∼ 2.4 × 10 14 g cm −3 . The Wilson III EoS treat this as an independent heavy species which can obtain a very large Z/A in the nuclear statistical equilibrium. The balance of low and high Y e material can lead to the so-called "neutron finger" dendritic instability which is valuable for injecting neutrino energy behind the shock during the crucial interval of 100 to 500 ms after bounce. 19) In further applications of the new 1 D code, we are making use of the results of multi-dimensional simulations to calibrate the efficiency of the neutrino-matter coupling and to calibrate the quasi-Ledeaux convection. In this way, we can run a realistic studies out to much later times to explore the explosion dynamics and neutrino signal as a function of progenitor mass. Among the ongoing studies, we are reevaluating effects of the emergent neutrinos on the ν − p process, 31) along with details of r-process nucleosynthesis at very late times (T > 40 sec).
Precise details for r-process nucleosynthesis have remained a mystery even though the r-process is responsible for the abundance of about half of the nuclei heavier than iron. Nevertheless, among the many proposals 32) for its origin, core-collapse supernovae have remained the most likely site. Some years ago it was demonstrated 33) that the flow of neutrino heated material into the high entropy bubble above a nascent proto-neutron star in a core-collapse supernova leads to an r-process. In this region the entropy is so high that the nuclear statistical equilibrium (NSE) favors abundant free neutrons and alpha particles rather than heavy nuclei. This is an ideal r-process site which produces a large neutron-to-seed ratio while satisfying the metallicity independence required by observations. 34) Over the subsequent years, however, a number of issues have been raised regarding the viability of this model. For one, the required high entropy has not been consistently duplicated by other numerical and semianalytic approaches. Another problem is that the initial studies 33) did not consider all possible neutrino-nucleus interactions.
It has also been pointed out 35) that the light-element reaction network used in those calculations might have been too limited. Also, there was very little production of heavy actinide nuclei in this model. Perhaps, the most glaring difficulty in the original result was an embarrassing overproduction of the intermediate-mass (A ∼ 90) nuclei, whose abundance was so great that they would have dominated the ejecta from the simulations.
Another major goal of current efforts in the field, therefore, is to better understand the hot bubble environment and its associated nucleosynthesis. Based upon the supernova calculations described above, we are exploring a number of different models as a function of progenitor mass and attempting to unravel the various effects on the abundance distribution from both nuclear and environmental uncertainties. In particular, we are exploring effects of new calculations of Hauser-Feshbach neutron capture rates based upon new calculations of the E1 strength functions and new calculations of level densities and Gamow-Teller strength functions.
Of most interest to the present workshop, however, is the possible effects on the observable neutrino signal emanating from the core due to a transition to quarkgluon plasma during the explosion. 7)-9) In 7) we made a hydrodynamic study of the the implications for stellar core collapse of a phase transition occurring at densities of a few times nuclear matter density. We used a schematic equation of state motivated by the Skyrme model low-energy approximation to QCD, which contains a phase transition corresponding to the conversion of bulk nuclear matter to a chirally symmetric quark-gluon phase. We then analyzed the stability of the core against gravitational collapse with respect to the amount of gravitational binding energy released and the kinematic energy of the shock. We showed that a first-order phase transition actually gives rise to two shocks which in that work quickly coalesced. More importantly, there are significant differences in the evolution of cores with or without first-or second-order phase transitions. These differences may lead to observational signatures in the neutrino signal.
How this comes about is easy to understand in terms of the adiabatic index for the EoS Γ = (ρ/P )(∂P/∂ρ) s . After the initial core bounce, the proto-neutron star continues to slowly contract to higher central density, eventually approaching the conditions for a QCD transition. If the QCD transition is first order, increased density goes into converting from one phase to another rather than to increase the ambient pressure. The absence of a pressure response from the core thus leads to a second collapse and a second outgoing shock. It has recently been shown 8), 9) that this second shock can be delayed by ∼ 100 ms, causing an enhanced outward going shock and inducing an explosion in a model which otherwise would not have exploded. All of this suggests the very interesting possibility of identifying the QCD transition in the emergent neutrino signal from core collapse supernovae and most certainly warrants further investigation. Efforts along this line are currently under way.
